We have evaluated and compared the pharmacokinetic and pharmacodynamic properties of allopregnanolone and pregnanolone at induction of anaesthesia in male rats. A threshold method was used, and the ®rst burst suppression period of 1 s or more in the EEG was selected as the end-point after fairly slow infusions. An optimal dose of 4.0 mg kg ±1 min ±1 was noted for both steroids. Brain concentrations were low at low infusion rates, indicating that acute tolerance was not occurring. Signi®cant positive correlations were noted between dose rate and serum concentrations of allopregnanolone (r = 0.94, P<0.001) and pregnanolone (r = 0.88, P<0.001). Such correlations were also seen in striatum, cerebellum, cortex and muscle for both steroids (P<0.01). Despite changing infusion rates, the concentrations of both steroids in brainstem, hippocampus and fat remained stable. Because no correlation between infusion rate and steroid concentration was noted in the brainstem and hippocampus, these two brain areas may be regarded as primary sites of action for allopregnanolone and pregnanolone. Pregnanolone concentrations in the brainstem and hippocampus were signi®cantly higher than those of allopregnanolone, suggesting that allopregnanolone was more potent than pregnanolone in inducing anaesthesia. The major ring-A-reduced metabolites of progesterone, allopregnanolone (3a-hydroxy-5a-pregnane-20-one) and pregnanolone (3a-hydroxy-5b-pregnane-20-one) are barbiturate-like anaesthetics whose site of action is the GABA A receptor.
The major ring-A-reduced metabolites of progesterone, allopregnanolone (3a-hydroxy-5a-pregnane-20-one) and pregnanolone (3a-hydroxy-5b-pregnane-20-one) are barbiturate-like anaesthetics whose site of action is the GABA A receptor. 1 2 They are the most potent naturally occurring anaesthetics tested so far in both animals and humans. 3 4 When tested with an i.v. EEG threshold method in male rats, 3 the anaesthetic potencies of allopregnanolone and pregnanolone are greater than those of other i.v. anaesthetics that are or have been used in the clinic (Table 2) .
In an earlier study, 5 we found that the overall brain concentrations of allopregnanolone at induction of anaesthesia were signi®cantly increased in spite of the observation that the threshold dose did not differ when the infusion rate was increased from 2.0 to 3.0 mg kg ±1 min ±1 . Similarly, a signi®cant increase in brain concentration (decrease in brain sensitivity) in relation to increased infusion rate has also been observed earlier with thiobutabarbital and butabarbital. 6 Earlier results with hexobarbital indicated that a criterion of critical brain areas with respect to induction of anaesthesia should be no change in active drug concentration with changing infusion rate. 6 However, an increase in hexobarbital concentration occurred in all brain areas at a slow infusion rate, indicating a decrease in brain sensitivity. This was a sign of acute tolerance to hexobarbital, as higher brain concentrations were needed to induce anaesthesia when a longer infusion time was used. 7 Acute tolerance is the induction of functional tolerance, i.e. altered sensitivity to a drug, within the duration of a single continuous exposure to a drug. 8 Since it was ®rst investigated, 9 the interest in acute tolerance has focused on ethanol. 10±13 However, it has also been described for many classes of general anaesthetics, including barbiturates, 14 volatile anaesthetics 15 and benzodiazeines. 16 Several neuro- transmitter systems, such as dopamine, 17 noradrenaline, 17 5-hydroxytryptamine, 17 acetylcholine, 13 GABA 18 and NMDA, 19 have been implicated directly or indirectly in the development of acute tolerance. This makes it uncertain whether acute tolerance to depressant drugs in the central nervous system (CNS) is an entity with a single common mechanism. Furthermore, the development of acute tolerance varied greatly among different brain structures 10 depending on the test system used 11 12 and the age of the experimental animals. 20 A simple method of investigating the development of acute tolerance to i.v. anaesthetics is to increase the duration of induction by changing the rate of infusion of the drug. Acute tolerance is revealed by comparing drug concentrations in the brain at the occurrence of a de®ned criterion of anaesthesia. In the present study, we used brain concentrations of allopregnanolone and pregnanolone at the time of an EEG end-point induced at different rates as a measure of CNS sensitivity.
14 This design also made it possible to compare the pharmacodynamic properties of allopregnanolone and pregnanolone at the induction of deep anaesthesia in male rats, and to identify the critical brain areas involved in the induction of anaesthesia with allopregnanolone and pregnanolone.
Materials and methods

Animals
The study was approved by the Regional Ethics Committee for Animal Experiments in Umea Ê (Umea Ê djufo Èrso Èksna Èmnd). Male adult Sprague±Dawley rats (n = 47) (MOL: SPDR HAN, Mo Èllegaard, Li, Skensved, Denmark) were used in all experiments. The rats were housed at three per cage in a room with constant temperature (24°C). They had access to water and standard rat food ad libitum.
Drugs
Allopregnanolone (CoCensys, Irvine, CA, USA) and pregnanolone (Steraloids, Wilton, NH, USA) were dissolved in 20% 2-hydroxypropyl-b-cyclodextrin (b-cyclodextrin; Sigma, St Louis, MO, USA) at a concentration of 4.0 mg ml ±1 . The preparations were placed in a Bransonic 2210 ultrasonic bath for approximately 15 h and agitated occasionally. All steroids were dissolved in b-cyclodextrin by visual inspection.
EEG threshold method
The anaesthetic effects of allopregnanolone and pregnanolone in the rats were determined with an i.v. EEG threshold method.
3 Allopregnanolone or pregnanolone was infused i.v. into one tail vein at a constant infusion rate, and the EEG was recorded continuously from subcutaneous stainless steel electrodes. The infusion was stopped immediately when the ®rst burst suppression period of 1 s or more was noted in the EEG (the`silent second', SS). As illustrated in earlier papers, 3 21 the SS is easily detected against the background of an EEG consisting mainly of high-amplitude potentials. The appearance of the SS occurs at a much deeper level of anaesthesia than the loss of the righting re¯ex. The time to reach the SS was recorded and the amount of steroid needed to induce the effect was calculated. This dose was considered to be the threshold dose. Data for a dose rate curve were generated by repeated determinations with different infusion rates. Allopregnanolone was infused at 1.0 (n = 1), 2.0 (n = 5), 4.0 (n = 5) and 8.0 (n = 6) mg kg ±1 min ±1 , and pregnanolone at 0.5 (n = 3), 1.0 (n = 6), 2.0 (n = 6), 4.0 (n = 6) and 8.0 (n = 9) mg kg ±1 min ±1 . The order of testing and dose rates were allocated at random. However, because of failure to induce anaesthesia with the lower rates (see Results, Dose rate curves for allopregnanolone and pregnanolone at induction of SS), not all rats were used. A few of the unused rats were reallocated to the highest dose rate. The infusion dose rate that gave the lowest threshold dose when drug administration was terminated at SS was de®ned as the optimal dose rate. 21 
Tissue sample preparation
Rats were killed by decapitation after the ®rst SS was initiated. Trunk blood was collected and the brain was dissected immediately into the cerebellum, cortex, hippocampus, brainstem (midbrain, medulla oblongata) and striatum, largely according to Glowinski and Iversen. 22 The blood vessels on the surface of the brain hemispheres were carefully removed. A macroscopic autopsy was always carried out. Abdominal fat tissue from the retroperitoneal areas and part of the psoas muscle were removed from each rat. After weighing, the tissue was frozen at ±70°C until analysis. All the samples were extracted later with 99.5% ethanol for 7 days at 4°C. Recovery of steroids in this procedure has been shown to be 100%. 23 Celite chromatography and steroid assay Allopregnanolone and pregnanolone in tissue and serum extracts were separated by Celite chromatography, as described by Ba Èckstro Èm et al. 24 and veri®ed by Corpe Âchot et al. 25 The recovery rate of allopregnanolone and pregnanolone was determined in every run by using [ 3 H]allopregnanolone and [ 3 H]pregnanolone tracers. Recovery of allopregnanolone and pregnanolone was 85%. The concentrations of allopregnanolone and pregnanolone in brain tissue extracts were measured by radioimmunoassay. Radioactive steroid tracers ( [9, 11, H(N)]-5a-pregnan-3a-ol-20-one and [9, 11, H(N)]-5b-pregnan-3a-ol-20-one) were purchased from NEN Life Science Products, Boston, MA, USA. Allopregnanolone and pregnanolone antisera were raised against 3a-hydroxy-20-oxo-5a-pregnan-11a-yl carboxymethyl ether or 3a-hydroxy-20-oxo-5b-pregnan-11a-yl carboxymethyl ether coupled to bovine serum albumin. Antiserum was kindly provided by Dr Robert Purdy (San Diego, CA, USA). Crossreactivity has been tested earlier, 26 27 and both antisera are highly speci®c. The sensitivity of both assays was 25 pg, with an intra-assay coef®cient of variation of 7% and an inter-assay coef®cient of variation of 8%. The intra-assay coef®cient of variation was calculated from duplicate values in the assay. The mean inter-assay control for pregnanolone was 20.6 nmol g ±1 (range 18.2±26.4 nmol g ±1 ) and for allopregnanolone it was 13.1 nmol g ±1 (range 11.2±22.5 nmol g ±1 ).
Statistical analysis
Differences in the threshold doses among dose rate groups and between allopregnanolone and pregnanolone concentrations in serum and tissue samples were assessed with the Mann±Whitney U-test. Parametric correlations (r) and regression coef®cients (b) were used to study the relationship between infusion dose rate and steroid concentrations and the relationship between threshold doses and steroid concentrations respectively. All statistical calculations were performed using Origin version 4.1 software (Microcal Software, Northampton, MA, USA). Values of P<0.05 in a two-tailed test were taken to represent a signi®cant difference. All results are presented as mean (SEM). The symbol n denotes the number of animals in each test.
Results
Dose rate curves for allopregnanolone and pregnanolone at induction of SS
The dose rate curve (Fig. 1A) shows the dose for SS plotted against the infusion rate for allopregnanolone and pregnanolone. A V-shaped curve was obtained for both steroids. For both curves, an optimal infusion rate of 4.0 mg kg ±1 min ±1 was found which gave the lowest dose of allopregnanolone or pregnanolone needed to obtain an SS (i.e. the threshold dose). The corresponding optimal threshold doses were 14.05 (1.32) mg kg ±1 for allopregnanolone and 10.46 (0.37) mg kg ±1 for pregnanolone. The threshold doses of pregnanolone were signi®cantly lower than those of allopregnanolone at the infusion rates of 2.0, 4.0 and 8.0 mg kg ±1 min ±1 (P<0.001, Mann±Whitney Utest).
In one rat tested with allopregnanolone at 1.0 mg kg ±1 min ±1 , no SS was obtained after 29.5 min of infusion, when a dose of 29.5 mg kg ±1 had been injected. Among the three rats tested with pregnanolone at 0.5 mg kg ±1 min ±1 , SS was obtained in only one rat; for the other two rats, the infusion was stopped after 50 min, when a dose of 25 mg kg ±1 pregnanolone had been injected, with no sign of an SS in the EEG. Results from one rat that received pregnanolone 8.0 mg kg ±1 min ±1 were excluded because of changes in the lungs. In the pregnanolone groups n=6 except for infusion rates of 0.5 mg kg ±1 min ±1 (n=1) and 8 mg kg ±1 min ±1 (n=8). In the allopregnanolone groups n=5 except for 8 mg kg ±1 min ±1 (n=6).
Relationship between dose rate and steroid concentration
Serum concentrations of allopregnanolone and pregnanolone plotted against dose rate are shown in Fig. 1B . A signi®cant linear increase in serum concentrations with increasing infusion rate was noted for allopregnanolone [b = 7.55, r = 0.94, df (degrees of freedom) = 14, P<0.001] and pregnanolone (b = 7.33, r = 0.88, df = 24, P<0.001). Although the threshold doses for allopregnanolone at induction of SS were signi®cantly higher than for pregnanolone (Fig. 1A) , the average serum concentrations of the two steroids were not signi®cantly different at any of the infusion rates tested. The relationships between dose rate and tissue concentration at SS are shown in Fig. 2A and B for allopregnanolone and pregnanolone respectively. For allopregnanolone, cortex (b = 2.3, r = 0.77, df = 14, P = 0.001), striatum (b = 1.44, r = 0.60, df = 14, P = 0.014), cerebellum (b = 2.16, r = 0.75, df = 14, P = 0.001) and muscle (b = 1.64, r = 0.71, df = 14, P = 0.002) showed signi®c-antly increased steroid concentration at SS with increasing infusion rate ( Fig. 2A) . However, the allopregnanolone concentrations in brainstem, hippocampus and fat did not change signi®cantly with infusion rate.
Tissue concentrations of pregnanolone at SS showed essentially the same pattern as those of allopregnanolone when plotted against dose rate (Fig. 2B) . A signi®cant increase in pregnanolone concentration with increasing infusion rate was noted in cortex (b = 1.53, r = 0.68, df = 24, P<0.001), striatum (b = 1.63, r = 0.63, df = 24, P = 0.001), cerebellum (b = 2.22, r = 0.65, df = 24, P<0.001) and muscle (b = 1.53, r = 0.69, df = 24, P<0.001). No signi®cant change in pregnanolone concentration in relation to increasing infusion rate was noted in brainstem, hippocampus and fat. These results indicated that allopregnanolone and pregnanolone concentrations increased in the cortex, striatum and cerebellum with increasing infusion rate. However, no changes in steroid concentrations in brainstem and hippocampus occurred at SS in relation to dose rate. As no changes in active drug concentrations were expected at the primary sites of action in the brain, the brainstem and hippocampus can be considered to be the primary sites of action with respect to allopregnanolone and pregnanolone in male rats.
Relationship between threshold dose and tissue concentration
The relationships between threshold dose and steroid concentration in different tissues were assessed by linear regression. In the analysis of allopregnanolone, no signi®cant relationship was found for serum, muscle, cortex, striatum, cerebellum and hippocampus. A signi®cant relationship was found for brainstem (b = 0.90, r = 0.57, df = 14, P<0.05) (Fig. 3A) and fat (b = 1.31, (Fig. 3B) . The analysis for pregnanolone gave similar results. No signi®cant relationship was noted between threshold dose and steroid concentration in serum, muscle, cortex, striatum, cerebellum and hippocampus, whereas a signi®cant correlation was found for brainstem (b = 1.29, r = 0.52, df = 24, P = 0.001) (Fig. 3C) and fat (b = 1.21, r = 0.45, df = 24, P<0.05) (Fig. 3D) . These ®ndings indicate that the brainstem has a different role in the generation of anaesthesia in comparison with the hippocampus. Fat turns out to be a special tissue that handles allopregnanolone and pregnanolone actively, in a similar way to the brainstem.
Comparison of steroid concentrations in brainstem and hippocampus
As our results revealed that steroid concentrations in the brainstem and hippocampus did not change signi®cantly with infusion rate, we used these two brain areas to determine the anaesthetic potencies of allopregnanolone and pregnanolone by comparing the steroid concentrations in these two brain areas ( Table 1) . Comparison of the active drug concentrations in the brain areas involved critically in the induction of SS is more informative than comparison of the threshold doses at SS, because the former eliminates the pharmacokinetic factors involved in the infusion of the drug. We found that pregnanolone concentration in the brainstem was signi®cantly higher than the allopregnanolone concentration at the infusion rates of 2.0, 4.0 and 8.0 mg kg ±1 min ±1 (P<0.001, Mann±Whitney U-test). The average pregnanolone concentration when all infusion rates were pooled was also signi®cantly higher than that of allopregnanolone (P<0.001). In the hippocampus, the pregnanolone concentration at the infusion rate of 2.0 mg kg ±1 min ±1 was not signi®cantly different from the corresponding allopregnanolone concentration, while the pregnanolone concentrations at the infusion rates of 4.0 and 8.0 mg kg ±1 min ±1 were signi®cantly higher than the corresponding allopregnanolone concentrations (P<0.05 for both infusion rates). When all infusion rates were pooled, the average pregnanolone concentration in hippocampus was signi®cantly higher than that of allopregnanolone (P<0.001). A similar difference was seen in fat when all infusion rates were pooled (Table 1) .
Relationship between serum and tissue concentrations
Data on serum concentrations are given in Fig. 1B ; data on tissue concentrations of allopregnanolone are given in Fig. 2A and those of pregnanolone are given in Fig. 2B . Dose rate was used as the independent variable in both sets of data, and for both steroids there was a strong positive correlation with serum concentration (Fig. 1B) . In some but not all tissues ( Fig. 2A and B) , positive correlations were also recorded. In these tissues, positive correlations with serum concentrations were expected. We found that the steroid concentrations in serum and muscle were signi®-cantly correlated for both allopregnanolone and pregnanolone (allopregnanolone, b = 0.18, r = 0.68, df = 14, P = 0.004; pregnanolone, b = 0.16, r = 0.59, df = 24, P = 0.001), while the correlation between serum and fat was not signi®cant for any of the steroids. Serum concentrations of allopregnanolone were also correlated signi®-cantly with concentrations in striatum (b = 0.22, r = 0.75, df = 14, P = 0.001), cerebellum (b = 0.26, r = 0.72, df = 14, P = 0.002) and cortex (b = 0.27, r = 0.73, df = 14, P = 0.001). Serum concentrations of pregnanolone were signi®cantly correlated with concentrations in striatum (b = 0.18, r = 0.57, df = 24, P = 0.002), cerebellum (b = 0.28, r = 0.69, df = 24, P<0.001) and cortex (b = 0.18, r = 0.68, df = 24, P<0.001).
Discussion
Sixty years ago, Selye 28 ®rst reported the sedative±-anaesthetic activities of progesterone and deoxycorticosterone and identi®ed their ring-A-reduced metabolites as extremely potent sedative±hypnotic agents. Selye's initial observations on the anaesthetic effects of steroids, particularly the 3a-hydroxy ring-A-reduced metabolites of progesterone, prompted the development of a class of steroid anaesthetics that culminated in the introduction of several of them into clinical practice. 2 29 The rapid onset of their behavioural effects precludes a non-genomic mechanism of action for such steroids. However, it was not until Harrison and Simmonds 30 demonstrated in 1984 that a steroid anaesthetic, alphaxalone (3a-hydroxy-5a-pregnane-11,20-dione), selectively enhanced the interaction of GABA with the GABA A receptor, that a protein-founded mechanism to explain the behavioural effects of these compounds emerged. The natural 3a-hydroxy ring-A metabolites of progesterone, allopregnanolone and pregnanolone, have been shown to be the most potent GABA A receptor ligands, with af®nities comparable to those of benzodiazepines and at least a thousand times greater than that of the barbiturate pentobarbital. 2 31 As for hexobarbital and thiopental, an increase in the sensitivity of the brain to allopregnanolone and pregnanolone with age has been observed. 21 32 Because of these ®ndings, the male rats in the present study were used at the age of 65±70 days, when their anaesthetic sensitivity to allopregnanolone and pregnanolone would have stabilized. 32 The dose rate curves obtained with allopregnanolone and pregnanolone both have the same general appearance (Fig. 1A) . The appearance of the curves is also similar to that of curves obtained with different barbiturates 5 21 34 and some other i.v. anaesthetics. 35 36 A number of threshold doses at optimal rates and the slopes of the curves at infusion rates higher than the optimal rate are included in Table 2 . The table shows that there is large variation in threshold dose at the corresponding optimal rates. Both steroids are potent, with low threshold doses, but the solvent has an effect. Among other drugs that have been tested, only propofol and methohexital have threshold doses at the optimal infusion rates that are within the same range as those of the steroids, but they seem to be slightly less potent. There is also a distinct difference in threshold dose between the isomers of both hexobarbital and narcobarbital, the dose of the racemate being intermediate. Furthermore, there is considerable variation in the slope of rates higher than optimal (Table 2) . If only simple diffusion at the site of action were involved in this slope, i.v. anaesthetics, which are highly lipid-soluble substances, would have a slope that corresponds to the circulation time. This seems to be the case for hexobarbital, methohexital, propofol and the two steroids, when tested in young rats. All other substances had slopes above 0.5 min, and among these it has been shown that the penetrations of thiopental into the brain could be facilitated by probenecid 37 and penicillins. 38 This indicates the presence of a transport mechanism, but for thiobutabarbital 6 a change in sensitivity may also be involved. The rate curve clearly shows that, when the potencies of i.v. anaesthetics (and probably also of other substances) are compared in vivo, the dose obtained at the optimal infusion rate should be chosen. However, it is obvious that pharmacokinetic properties still have to be considered. The different results with different solvents in the case of steroids are only one example of remaining kinetic in¯uences.
We found that less pregnanolone than allopregnanolone was needed to induce the SS in all comparable dose rate groups (Fig. 1A) . However, serum concentrations of the two substances were almost identical (Fig. 1B) . From a pharmacokinetic point of view, this indicates that there had been a rapid loss of allopregnanolone from the blood. Such a loss could be accomplished by rapid accumulation in some other tissues or by rapid metabolism of allopregnanolone. Redistribution to muscle, as proposed by Goldstein and Aronow, 39 is unlikely because no difference between pregnanolone and allopregnanolone concentrations could be established. As seen in three barbiturates, 6 fat is another alternative site of redistribution, especially after long induction times. In the present experiments there was a difference between the levels of accumulation of allopregnanolone and pregnanolone in fat (Table 1 ), but the difference was not large enough to explain the difference in threshold doses at SS (Fig. 2A) . Furthermore, there was only a slight accumulation of allopregnanolone in fat at lower infusion rates ( Fig. 2A) . Such a result was unexpected and could indicate rapid loss of steroid from fat, but as not all tissues were analysed no de®nite conclusion can be drawn to explain the loss of allopregnanolone during infusion.
An earlier study 7 has shown that acute tolerance to hexobarbital can be induced by stable anaesthesia lasting more than 10 min. This was in the same range as the infusion time for pregnanolone at infusion rates of 0.5 and 1.0 mg kg ±1 min ±1 (>10 min). For allopregnanolone the infusion time used to induce the SS at an infusion rate of 2.0 mg kg ±1 min ±1 was about 9 min. For the rat infused with allopregnanolone at 1.0 mg kg ±1 min ±1 , an SS had not been obtained when the infusion time reached 29.5 min. This Table 2 Doses at optimal infusion rates and slopes of the infusion rate curve at higher rates for various substances. All infusion rate curves were similar to those shown in Fig. 1A . The barbiturates were used as sodium salts. C=b-cyclodextrin; A=albumin; I=Intralipid; W=water; Rac=racemate; ND=not determined indicates that the increased threshold dose of allopregnanolone and pregnanolone at low infusion rates could have been a result of the development of acute tolerance. The steroid infusion time required to reach SS was within the range that caused acute tolerance to hexobarbital. 7 Analysis of hexobarbital concentrations showed an increased concentration in all brain areas studied as the infusion rate decreased, 6 which suggested decreased brain sensitivity. Such an increased concentration could be used as a direct measure of acute tolerance.
14 However, the development of acute tolerance in the allopregnanolone and pregnanolone groups was not supported by our results. Signi®cantly lower steroid concentrations were found in cortex, striatum and cerebellum when the infusion rate was low. This is the reverse of what would have been expected if tolerance had developed. Thus, we conclude that acute tolerance did not develop to the anaesthetic effect during infusions of allopregnanolone and pregnanolone lasting 10 min or less.
Analysis of allopregnanolone and pregnanolone in all brain areas revealed that the brain had similar sensitivity to the two steroids. Despite the observation of a signi®cant increase in steroid concentrations in cortex, striatum and cerebellum as the infusion rate was increased, the steroid concentrations in brainstem and hippocampus remained unchanged (Fig. 2) . This ®nding indicated that anaesthetic sensitivity to allopregnanolone and pregnanolone in the brainstem and hippocampus was stable and independent of the changes in infusion rates and serum steroid concentrations. As we were using a threshold technique with a de®ned criterion recorded directly from the brainÐa criterion that was reached with all dose rates and that was also used to terminate the infusionÐthis is the expected result. Our earlier results with hexobarbital indicated that critical brain areas with respect to induction of anaesthesia could be de®ned as areas with no change in active drug concentrations that depended on the infusion rate. 6 Using this de®nition, cortex, striatum and cerebellum were excluded as the primary site of action with respect to allopregnanolone-or pregnanolone-induced anaesthesia. Thus, the remaining brain areasÐthe brainstem and hippocampusÐ may be considered as the primary sites of action for both steroids.
The brainstem was also distinguished as the only part of the brain that retained a relationship between threshold dose and tissue concentration. For both steroids, the relationship was recorded as a weak but signi®cant correlation (Fig. 3A  and C) . Because the threshold technique depends on a simple feedback system, a strong correlation founded on a direct relationship is to be expected from a methodological point of view. However a comparison of the dose rate curves (Fig. 1A) with the corresponding serum concentrations (Fig. 1B) points to complex pharmacokinetics. When the infusion rate is increased, higher serum concentrations are needed to reach the concentration in the brainstem found at SS. This is best illustrated by the quotient between concentrations in the brainstem and serum. With allopregnanolone the quotient was 0.78 (0.13) at the infusion rate of 2.0 mg kg ±1 min ±1 and 0.30 (0.04) at the rate of 8.0 mg kg ±1 min
±1
. The corresponding values with pregnanolone were 0.82 (0.07) and 0.45 (0.05). Despite this altered penetration, a weak correlation between threshold dose and tissue concentration was still present when the brainstem was the target organ ( Fig. 3A and C) . Instead of a direct, strong relationship, only around 30% of the variability of the concentration in the brainstem was explained by the dose, but as it was the only correlation found in the parts of the brain that were analysed, this strengthens the possibility that the brainstem has a critical function in the induction of the SS.
In the present study, a linear correlation between threshold dose and the concentration in fat at SS was observed for both allopregnanolone and pregnanolone ( Fig.  3B and D) . No signi®cant correlation between threshold dose and muscle concentration was observed. When we studied the tissue concentrations in different compartments, we found that the steroid concentrations in serum and muscle were signi®cantly correlated for both allopregnanolone and pregnanolone, while the correlation between serum and fat was not signi®cant for any of the steroids. This suggests that the muscle compartment was involved in the rapid distribution of steroid. However, fat could be regarded as a special tissue that actively processes allopregnanolone and pregnanolone in a similar way to the brainstem, because a signi®cant linear correlation between threshold dose and tissue concentration of both steroids was found only for brainstem and fat (Fig. 3) .
As discussed by Bolander et al., 21 the threshold dose at the optimal dose rate could be used as a comparable measure of the potency of allopregnanolone and pregnanolone in adult animals. When the threshold doses of two steroid anaesthetics were compared, we found that the threshold doses of allopregnanolone were signi®cantly higher than the corresponding threshold doses of pregnanolone at SS. This was at variance with a previous study using Intralipid â as the steroid solvent, in which the average threshold dose for allopregnanolone was signi®cantly lower than that of pregnanolone at SS in both young and adult rats. 32 However, serum concentrations of allopregnanolone and pregnanolone in the present study were not signi®cantly different from each other (Fig. 1) . Since the anaesthetic sensitivity in rat brainstem and hippocampus remained stable as the infusion rate was increased, we tentatively considered these two brain areas as the primary sites of action and compared the steroid concentrations in the two brain areas. Allopregnanolone concentrations in the brainstem and hippocampus were generally lower than those of pregnanolone ( Table 1 ), suggesting that allopregnanolone was more potent than pregnanolone in inducing anaesthesia.
Results from the present study indicate that the active drug concentrations at the primary sites of action are in agreement with previous ®ndings. 32 Our different results with regard to threshold doses could have been due to the steroid solvent we used, b-cyclodextrin in place of Intralipid â . This indicates that i.v. cyclodextrin solution could alter the pharmacokinetic properties and clinical behaviour of concurrently administered CNS depressant agents, and results obtained with cyclodextrin as a solvent must be evaluated carefully.
